Previous studies have confirmed significant removal of various trace organic contaminants (TrOCs) by whiterot fungal cultures under sterile batch test conditions. However, little is known about TrOC removal in continuous flow fungal reactors in a non-sterile environment. This study reports the removal of two TrOCs, namely, bisphenol A and diclofenac, by a fungal membrane bioreactor (MBR). 
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Introduction
The widespread occurrence of trace organic contaminants (TrOCs) such as industrial chemicals, pharmaceuticals and personal care products in sewage-impacted water bodies has raised significant concerns due to their potential adverse effects on human health and aquatic ecology (Ternes et al., 2004) . This necessitates the development of effective approaches to eliminating such compounds from wastewater. Due to the limitations of TrOC removal by the bacteriadominated conventional activated sludge (CAS) processes (Cirja et al., 2008) , there have been a number of recent studies on the application of white-rot fungal bioremediation (see for example:
Marco-Urrea et al. (2010) and Tran et al. (2010) ). Evidence from the literature indicates that white-rot fungi can degrade various TrOCs, and the removal efficiency is governed by the physico-chemical properties of TrOCs, fungus strains and enzyme types (Marco-Urrea et al., 2010 , Tran et al., 2010 .
Despite the significant number of reports demonstrating the capacity of white-rot fungi to successfully degrade persistent TrOCs in small-scale sterile batch tests, far fewer studies have been conducted in continuous reactors (Blánquez and Guieysse, 2008 , Jelic et al., 2012 , RodarteMorales et al., 2012 . Furthermore, only one study to date has investigated TrOC removal under non-sterile conditions as would likely be experienced in practice (Zhang and Geißen, 2012) .
Compared with the performance in pure culture batch tests, two inherent limitations have been reported to be the major reason for lower removal of persistent organic compounds such as dye by continuous flow fungal reactors: i) continuous washout of fungal extracellular enzyme with treated effluent Yu, 2000, Hai et al., 2012b) , and ii) bacterial destabilization of fungal activity (Libra et al., 2003 , Gao et al., 2008 , Hai et al., 2009 . In good agreement with the studies concerning other groups of persistent compounds, recent studies on TrOC removal also report somewhat poorer removal by fungal reactors operated under non-sterile conditions and/or in continuous flow mode (Jelic et al., 2012 , Rodarte-Morales et al., 2012 , Zhang and Geißen, 2012 . It is, therefore, clear that more systematic studies on the enhancement of fungal degradation of TrOCs in continuous reactors under non-sterile environments are necessary.
Membrane bioreactors (MBRs) represent an advancement over the CAS process, in that they combine biological degradation and membrane filtration in a single-step, compact process, and allow for flexibility in the application of different modifications to fine-tune biological performance (Hai and Yamamoto, 2011) . The effectiveness of several modifications to MBR design for the fungal bioremediation of dye wastewater has been demonstrated recently (Hai et al., 2008 , Hai et al., 2012b . However, to date no study has investigated TrOC removal by a fungal MBR.
The aim of this study was to investigate the TrOC removal performance of an MBR inoculated with a pure culture of the white-rot fungus Trametes versicolor (ATCC 7731) but subsequently operated without any planned measures to avoid bacterial growth. A series of sterile batch tests with "active" and "chemically inactivated" pure cultures of fungus and conventional bacteriadominated activated sludge, respectively were first conducted to demonstrate significantly better TrOC degradation capacity of the fungus strain used in this study. A fungal MBR was then operated for three months under non-sterile conditions to assess the TrOC removal performance in the presence of bacterial growth and at different TrOC loadings. A simple mass balance conducted at the end of operation allowed assessment of the relative contribution of biosorption and biodegradation to the overall TrOC removal.
Materials and methods

Trace organic contaminants
In this study, two TrOCs, namely, bisphenol A and diclofenac (Sigma-Aldrich, USA) were selected for batch tests and MBR operation. Key properties of these compounds are summarised in Table 1 . Notably, diclofenac has been widely reported to be highly recalcitrant to bacterial degradation (Tadkaew et al., 2011 , Nguyen et al., 2012 , while bisphenol A has been reported to be comparatively easily removed by bacteria (Tadkaew et al., 2011 , Nguyen et al., 2012 . In order to be able to contrast the performance of the fungal MBR in this study with that of conventional MBRs reported in the literature, these two compounds were used as model TrOCs in the fungal MBR. They were prepared as stock solutions at a concentration of 1 g/L in pure methanol, stored at -18 °C and used within one month.
White-rot fungus, growth medium and synthetic wastewater
The white-rot fungus Trametes versicolor ATCC 7731 was used in this study. Malt extract broth (MEB) was used for growth and the batch tests at concentrations of 10 g/L and 0.25 g/L, respectively. A malt-based synthetic wastewater consisting of MEB (0.5 g/L), KH 2 PO 4 (0.2 g/L), MgSO 4 (0.05 g/L), FeSO 4 (0.01 g/L) and thiamine (0.001 g/L) was used for fungal MBR operation. All chemicals used for preparing the growth medium and the synthetic wastewater were dissolved in Milli-Q water. The pH value of both growth medium and synthetic wastewater was adjusted to 4.5 with HCl. TrOCs were continuously added to the synthetic wastewater fed to the MBR at concentrations ranging from 300 to 1500 g/L to assess the effect of TrOC loading.
Batch test protocol
Sterile test medium (100 mL) containing TrOCs (bisphenol A and diclofenac) at concentrations of 745 ± 40 µg/L and 690 ± 60 µg/L, respectively, was mixed with approximately 0.2 g/L pregrown fungus in 400 mL sterile beakers, covered with aluminium foil and incubated in a shaker at 70 rpm and 30 °C for 168 h. Supernatant samples for measuring TrOC concentrations and laccase activity were collected at 0, 4, 48, 120 and 168 h. Separate cultures were incubated to assess the removal by chemically inactivated fungus (adsorption only) by adding sodium azide (100 µM) to the test medium. If a fungus is capable of degrading TrOCs, the amount of TrOCs adsorbed onto live fungus mycelium can be expected to gradually decline over time. To capture the dynamics of TrOC biosorption by the fungal mycelium, an additional set of cultures with live fungus were incubated in the same fashion described above. After 48, 120 and 168 h, the medium was decanted and the fungal biomass was harvested from these cultures. TrOC adsorbed on the biomass was extracted by a solvent extraction method (Wijekoon et al., 2013) . All experiments were conducted in triplicate. The batch test with bacterial activated sludge was conducted maintaining similar conditions as described above. The protocol of source, culture and preparation of the activated sludge for the batch test has been detailed elsewhere (Yang et al., 2012) . were used to supply influent and draw effluent. The MBR was placed in a water bath to maintain the mixed liquor at 26 ± 2.8 °C. The dissolved oxygen (DO) concentration in the reactor was monitored daily by a DO probe. Vigorous aeration was provided to avoid settling of the mixed liquor in the corners of the reactor, leading to a consistently high DO (6.5 ± 0.2 mg/L). The mixed liquor pH was stable at 5.4 ± 0.2. Except for sampling, no biomass was withdrawn from the MBR.
Analytical methods
Basic parameters and TrOC analysis
All samples were kept at 4 °C and analysed within a week. Total organic carbon (TOC) and total nitrogen (TN) concentrations were measured simultaneously by a Shimadzu TOC/TN-V CSH analyser (Japan). TOC analysis was conducted in non-purgeable organic carbon (NPOC) mode. MLSS and MLVSS determination followed standard methods (Eaton et al., 2005) .
A HPLC system (Shimadzu, Kyoto, Japan), equipped with a Supelco Drug Discovery 300 x 4.6 mm C-18 column (5 μm pore size) and a UV-vis detector, was used to measure the TrOC [12, 80] , [20, 0] , [25, 0] , [25, 80] . The limit of quantification for the analytes under investigation using these conditions was approximately10 μg/L.
Enzymatic activity (laccase) analysis
Under the conditions tested, the fungus exhibited extracellular secretion of the enzyme laccase.
Laccase activity was measured by monitoring the change in absorbance at 468 nm due to the oxidation of 2,6-dimethoxy phenol (DMP) at room temperature over 2 min using a spectrophotometer (PharmaSpec UV-1700, Shimadzu, Kyoto, Japan). Laccase activity was calculated from the molar extinction coefficient ε = 49.6/mM/cm and expressed in M substrate/min.
To measure the biomass-bound enzymatic activity, 10 mL of MBR sludge was filtered (glass fiber, 1 µm), washed with Milli-Q water and filtered again. The wet solid was then transferred to a 10 mL glass tube and mixed with 800 μL of 10 mM DMP solution and 1200 μL of 100 mM sodium citrate buffer solution (pH = 4.5) by a vortex mixer (Ratek Instruments Pty Ltd, Australia) for 2 minutes. Methanol (1000 μL) was added to the mixture to prevent further enzymatic reaction. The mixture was then centrifuged at 3750 x g for 10 minutes and the absorbance of the supernatant was measured at 468 nm. The wet solid was transferred to a clean, pre-weighed crucible and dried (Heath Lab Oven, Heatherton Laboratory Services Pty. Ltd, Australia) for 24 hours at 105 °C. The enzymatic activity of sludge was calculated as µM/min/ g MLSS).
Bacterial and fungal plate count
Mixed liquor from the MBR system was centrifuged at 3750 x g for 10 minutes and the resulting supernatant was used for monitoring viable fungal and bacterial count in the sample. The standard spread plate technique for fungal (Method 9610 C) and bacterial (Method 9215 C) detection was followed (Eaton et al., 2005) . The agar plates used for fungal and bacterial detection were made from 50 g/L malt extract agar (Oxoid, England) (pH adjusted to 3.5 with 10% tartaric acid solution) and 22.5 g/L bacterial plate count agar (Merck, Germany), respectively.
The colonies of fungus and bacteria were counted after 72 and 48 h of incubation at 20 °C, respectively, and the counts expressed as colony forming units (CFU/mL).
Results and discussion
TrOC removal in batch tests
Significant removal of both bisphenol A and diclofenac (62 and 60%, respectively) from the aqueous phase by the live fungus occurred within 24 h of incubation ( Figure 1a ). Further gradual decrease in concentration occurred such that complete removal of bisphenol A and diclofenac was achieved in less than 120 h. These results are consistent with those reported by Marco-Urrea et al. (2010) and Tran et al. (2010) . In contrast, the reduction in the concentration of bisphenol A and diclofenac from the test solution incubated with inactivated fungus after 24 h was only 25 and 26 %, respectively, and no further significant removal was observed thereafter (Figure 1a ).
The presence of sodium azide completely stopped enzyme production (Figure 1c) , meaning that the inactivated fungus removed the TrOCs solely by sorption. The comparative performance of the live and inactivated fungus confirmed biodegradation as the major mechanism in the overall removal of the compounds from the aqueous phase. Furthermore, extraction of residual adsorbed bisphenol A and diclofenac from live fungus at different times during the incubation period of up to 168 h confirmed that the biosorbed TrOCs continued to be gradually biodegraded (Figure 1b) .
The elucidation of the dynamics of TrOC sorption on live fungal mycelium is an important additional outcome from our study. By contrast, the bacterial activated sludge achieved only about 20% and 15% degradation of bisphenol A and diclofenac within 24 h, respectively, and no further degradation was observed within 120 h (data not shown). 
TOC and TN removal
Over the three months of investigation under different TOC and TN concentrations in the feed, the MBR showed consistent performance with respect to removal of TOC (81 ± 13%) and TN (84 ± 3%) (Figure 3 ). There was one instance of significant drop in TOC removal (to 45%) after day 25 as the TOC concentration in the feed was approximately doubled. The TOC removal, however, gradually returned to the initial level and remained stable thereafter until the end of the experiment (Figure 3) . It is well known that the TOC consumption rate of pure fungal cultures from solutions containing easily degradable organics is limited compared to bacteria (Hai et al., 2012a) . However, because the MBR was operated under non-sterile conditions, bacterial presence was evident from viable bacterial counts in mixed liquor supernatant (Figure 2) , and the growth of bacteria in the reactor can explain the achievement of over 80% TOC removal in this study. This observation is consistent with that in a few other studies (Hai et al., 2008 , Hai et al., 2009 ). On the other hand, the denitrification capacity of an aerobic MBR system is limited.
However, the malt-based synthetic wastewater used in this study had a high TOC/TN ratio (~40) which can be considered as nitrogen limited medium. The high TN removal, therefore, could be ascribed to the conversion of dissolved organic nitrogen to biomass . Periodic fresh fungus addition has been shown to be beneficial in sustaining performance of continuous fungal reactors , Hai et al., 2012b . However, the removal of both bisphenol A and diclofenac suddenly decreased after the addition of fresh fungus on day 55.
The reason for this unexpected observation could not be ascertained, and further detailed investigation in this line is underway in our laboratory.
Comparison of results from batch test and MBR operation
The observed removal of the investigated compounds by the MBR under the applied loading is remarkable (Figure 4) , particularly for diclofenac which has been widely reported to be poorly removed in conventional bacteria-dominated MBRs (Clara et al., 2005 , Cirja et al., 2008 , Tadkaew et al., 2011 . However, compared with the performance of the pure fungus culture in batch tests, diclofenac removal was low in the continuous MBR. Based on the significantly better fungal degradation of TrOC over bacterial degradation in batch tests (Section 3.1), fungi can be logically expected to be mainly responsible for TrOC biodegradation in an MBR harbouring both bacteria and fungi. Therefore the reduced performance of the MBR in this study can be explained by two factors affecting fungal degradation in a continuous flow reactor: i) the continuous loss of enzyme along with treated effluent (Hai et al., 2009 , Hai et al., 2012b and, ii) inhibition of fungal degradation capacity due to competition with bacteria for TOC, bacterial damage of fungal mycelium and bacterial denaturation of fungal enzyme (Heinfling et al., 1998 , Libra et al., 2003 , Hai et al., 2009 , as discussed further in section 3.3.3. An additional reason contributing to the lower removal of diclofenac by the MBR may be less adsorption of diclofenac to the biomass from the mixed liquor and, consequently, insufficient retention time to complete biodegradation.
The pH of the mixed liquor in the MBR (pH = 5.4) was higher than that of the batch test medium (pH = 4.5). Diclofenac, unlike bisphenol A, is a charged compound, and has a lower log D value at higher pH (log D values of 4.33 and 3.66 at a pH of 4 and 6, respectively), which may have led to its lower biosorption to the biomass in the MBR.
Our observation of lower removal of the persistent compound diclofenac in the MBR is in good agreement with those in recent studies on fungal reactors operated under non-sterile conditions and/or in continuous flow mode (Jelic et al., 2012 , Rodarte-Morales et al., 2012 , Zhang and Geißen, 2012 
Enzymatic activity and TrOC removal
No clear relationship between laccase activity and TrOC removal throughout the experimental period could be observed (Figure 4b ). In fact laccase activity was detected in MBR-permeate from the start of operation, confirming passage of enzyme through the microfiltration membrane, and within six days of initiation of continuous operation, the laccase activity in both supernatant and permeate dropped to an undetectable level (Figure 4b) . Apart from the continuous loss of enzyme in permeate, inhibition of the fungal enzyme system by the bacteria may be responsible for the marked reduction in the fungal enzymatic activity (Heinfling et al., 1998 , Libra et al., 2003 , Gao et al., 2008 . Bacterial competition is reported to lead to cessation of fungal growth and inhibition of fungal enzyme secretion capacity or denaturation of the secreted fungal enzyme (Heinfling et al., 1998 , Libra et al., 2003 . Disappearance or very low level of extracellular enzymatic activity (compared with pure culture) has been also reported in other studies investigating continuous fungal reactors (Gao et al., 2008 , Hai et al., 2012b , Zhang and Geißen, 2012 ). Nevertheless, it should be noted that, unlike the mixed liquor supernatant, biomassassociated laccase activity was always detectable in the MBR (Figure 4b) Previous studies have shown that while enzyme is indispensable for the degradation of recalcitrant compounds, extracellular and mycelium-associated enzymatic activities do not necessarily correlate well with the removal efficiency (Hai et al., 2009 , Hai et al., 2012b .
Furthermore, intracellular enzymes, such as the cytochrome P450 enzyme system of fungus, are also reported to be helpful for TrOCs removal (Golan-Rozen et al., 2011) , especially, in the context of this study, for diclofenac (Hata et al., 2010) .
Extent of TrOC biodegradation within MBR
At the end of MBR operation, residual amounts of bisphenol A and diclofenac on sludge samples were measured after extraction, and a simple mass balance calculation was conducted. Over the respectively. Given the very low vapour pressure or Henry's constant (H) and low H/log D ratio of the TrOCs selected in this study (Table 1) , their removal by volatilization is expected to be negligible. Inefficient bacterial TrOC degradation (particularly of diclofenac) is evident from our batch test data and that from the available conventional MBR studies (Clara et al., 2005 , Cirja et al., 2008 , Tadkaew et al., 2011 . Thus fungal degradation appeared to be a major mechanism of TrOC removal by the MBR in this study. This observation is in line with our own batch test data showing excellent TrOC degradation by pure fungus culture (Figure 1 ) and also with that in recent literature on removal of TrOCs by continuous fungal reactors Guieysse, 2008, Jelic et al., 2012) .
Conclusion
In this study, whole-cell preparations of Trametes versicolor achieved complete removal of 
